We study the vacuum structure and dynamical symmetry breaking in the gaugeHiggs unification of the 5D theory compactified on an orbifold, S 1 /Z 2 . This theory identifies Wilson line degrees of freedoms as "Higgs doublets". We consider SU (3) c × SU (3) W and SU (6) models with the compactification scale of order a few TeV. The gauge symmetries are reduced to
Introduction
There is much progress in higher dimensional gauge theories compactified on the orbifolds [1, 2, 3, 4] . One of the most attractive motivations of the higher dimensional gauge theory is to consider the unification of the gauge and the Higgs fields in higher dimensions [5, 6] . Recently, this possibility has been revisited in Ref. [7, 8, 9, 10, 11, 12, 13, 14, 15, 25] . In these scenarios the Higgs doublets are identified with the components of the gauge fields in higher dimensions. The masses of "Higgs fields" are forbidden by the higher dimensional gauge invariance, so that "Higgs fields" have at most only finite masses of order the compactification scale. In order to obtain the "Higgs doublets" from the gauge fields in higher dimensions, the gauge group in higher dimensions must be larger than the standard model (SM) gauge group. The gauge symmetries are reduced by the orbifolding boundary conditions of extra dimensions. The identification of "Higgs fields" as a part of gauge supermultiplet has been considered in 5D N = 1 supersymmetric (SUSY) gauge theory whose 5th coordinate is compactified on S 1 /Z 2 orbifold [8, 9, 10, 11, 12] , which corresponds to the 4D N = 2 SUSY gauge theory. Also it is considered in 6D N = 2 SUSY gauge theory, whose 5th and 6th coordinates are compactified on T 2 /(Z 2 × Z ′ 2 ) orbifold [9] , which corresponds to the 4D N = 4 SUSY gauge theory.
In this paper, we consider 5D non-SUSY and N = 1 SUSY theories compactified on an orbifold, S 1 /Z 2 , where Wilson line degrees of freedoms are identified as "Higgs doublets". Quarks and leptons are assumed to be localized on the 4D wall. We consider SU(3) c × SU(3) W and SU(6) models with the compactification scale being a few TeV. The gauge symmetries are reduced to SU (3) 
, respectively, through the orbifolding boundary conditions. We study the vacuum structure by use of the one loop effective potential of "Higgs doublets". The symmetry breaking pattern depends on numbers of bulk fields and their representations. Especially, the suitable electro-weak breaking is realized through the radiative corrections when there are suitable numbers of bulk fields possessing the suitable representations. The masses of "Higgs doublets" are O(100) GeV in this case. The suitable value of sin 2 θ W and the gauge coupling unification are assumed to be realized by the effects of wall-localized kinetic terms, which may not respect the bulk symmetry [16] * . We should also assume the baryon number symmetry to avoid rapid proton decay in the TeV scale compactification.
2 Gauge-Higgs unification on S 1 /Z 2 We will consider 5D SU(N) gauge theory on
The gauge fields propagate in the bulk. The 5th dimensional coordinate (y) is assumed to be compactified on an S 1 /Z 2 orbifold. Under the parity transformation of Z 2 which transforms y → −y, the gauge field A M (x µ , y) (M = µ(= 0-3), 5) in the 5D space-time transforms as
where P is the operator of Z 2 transformation. Two walls at y = 0 and πR are fixed points under Z 2 transformation. The physical space can be taken to 0 ≤ y ≤ πR. Considering the
under the parity transformation of Z ′ 2 . It should be noticed that the signs of parities of A 5 are opposite to those of A µ . This paper will consider the situation that zero modes of
We regard these components as "Higgs doublets", then we call this theory gauge-Higgs unification. Here the local gauge invariance in the 5D guarantees the masslessness of the "Higgs field", so the Higgs mass should be finite after the radiative corrections. We will study two models bellow. We will also study the SUSY version, where A 5 becomes the imaginary part of an adjoint chiral superfield bellow the energy scale of compactification.
At first, let us study the possibility of the dynamical symmetry breaking in the SU(3) c × SU(3) W model, where the Higgs doublets can be identified as the zero mode components of A 5 [8, 9, 10] . We take
in the base of SU(3) W † . Then, they divide A µ and A 5 as
which suggest SU(3) W is broken down to SU(2) L × U(1) Y , and there appear one "Higgs doublet" in A 5 as the zero mode ‡ . When there are bulk fields, which are N s numbers of complex scalars, φ, and N f (N a ) numbers of Dirac fermions, ψ (ψ a ), of the fundamental (adjoint) representation, they transform
10) † As for SU (3) c , we take P = P ′ = I. ‡ In SUSY case, there appear two "Higgs doublets" as the zero modes.
under two parity operators. Where η, η ′ = ±, and the effective potential induced from these bulk fields strongly depends on the sign of the product, ηη ′ . The VEV of the Wilson line degrees of freedom, A 5 , is written as [8, 16] 
and we can always take VEV as a 1 = a, while other a i s are set zero by using the residual SU(2) × U (1) global symmetry. The effective potential of A 5 is given by [16] 
where
The index (±) denotes signs of ηη ′ . To avoid the gauge anomaly, we always take even number of N
and that at a = 1 realizes the reduction, not to U(1) EM but to U(1) EM × U(1). For the suitable electro-weak symmetry breaking, SU(2) L ×U(1) Y → U(1) EM , we must find another vacuum at a = 0, 1. In summary the vacuum in this model has the three phases as (1) : unbroken phase (a = 0), (2) : broken phase I (a = 1), (13) (3) : broken phase II (a = 0, 1), in which remaining gauge symmetries are (1) 
, and (3): U(1) EM , respectively. The bulk fields content determines to which phase the vacuum belongs. From Eq. (12), we can see 1st derivatives of the effective potential evaluated at a = 0, 1 always vanish. The stability of each stationary point is determined by the 2nd derivative of the effective potential evaluated at the point as examined in Ref. [19] , which are given as
where ζ R (z) is the Riemann's zeta function. When
> 0 , the point a = 0 (a = 1) is stable. Whether these points become the true vacuum (the global minimum) or not needs more detailed analyses, since there may appear local minimums at other points in general. However, the numerical analyses show the following results, at least, when the numbers of bulk fields are not extremely large.
• When
> 0 and
< 0, the stationary point a = 0 becomes a global minimum, and the unbroken phase is realized.
< 0 and
> 0, the stationary point a = 1 becomes a global minimum, and the broken phase I is realized.
> 0, either two vacua are degenerated as a global minimum or one of the points of a = 0, 1 becomes a global minimum, dependently on bulk fields contents.
They can be understood by the following discussion. We can notice that n = 1 (of the summation of n) and n = 2 (when contributions of n = 1 is canceled between ηη ′ = + part and ηη ′ = − part.) can have dominant contributions to the form of the effective potential, Eq. (12) . Thus, in the case considered, the effective potential is approximated as a sum of ± cos(πa), ± cos(2πa) and cos(4πa). When, for example,
> 0, − cos(πa) and/or − cos(2πa) must dominate the effective potential It means that there is no global minimum between a = 0 and 1 when
and/or
are positive, in the case of existing no representations larger than the adjoint representation in the bulk. On the other hand,
< 0, there is a global minimum at a = 0, 1, and the broken phase II is realized.
It is worth noting that the phase structure in this model is completely determined by the bulk fields contents.
It is expected from the above discussion that we can obtain a small VEV, 0 < a ≪ 1, if we choose a point near the region corresponding to the unbroken phase in the parameter space. Namely, when
< 0, a small VEV will be obtained. In Ref. [16] we have obtained the bulk field content by finding the case that induce large coefficients of − cos(πna) and/or cos(πn(a − 1)), and small (but non-zero) coefficients of cos(2πna) and − cos(2πn(a−1/2)). This approach of finding the suitable bulk field content inducing a (a ≪ 1) is generalized by the above approach of finding the cases of
We assume that the compactification scale, R −1 , as a few TeV § . Table 1 shows a few samples of content of the bulk fields which induce the suitable electro-weak symmetry breaking. The mass squared of the "Higgs field" is given by
where g 4 is the 4D gauge coupling constant defined as g 4 = g/ √ 2πR. We take g 4 = O(1), and √ 2πR A 5 = a min /g 4 R ≃ 246GeV. 
SUSY case
Now let us consider the SUSY case. We consider the Scherk-Schwarz (SS) SUSY breaking [20, 21, 22, 23] . When there are N (±) f and N (±) a species of bulk hypermultiplets of fundamental and adjoint representations, respectively, the effective potential becomes [16] 
where β parameterizes SS SUSY breaking. The soft SUSY breaking mass is given by β/R [3] . Here, we study the phase structure, Eq. (13) . As in the case of the non-SUSY case, 1st derivatives of the effective potential evaluated at a = 0, 1 always vanish. The stability of each stationary point is examined by the 2nd derivative evaluated at the point. By using the approximation formula,
§ We should assume the baryon number symmetry to avoid rapid proton decay in the TeV scale compactification, and the suitable Weinberg angle might be reproduced from the effects of wall-localized gauge kinetic terms [16] .
for a small (positive) ξ, the 2nd derivatives are approximated as
The phase structure, Eq. (13), of the SUSY case is completely determined by the bulk fields content as in the non-SUSY case. It can be calculated by the 2nd derivatives of the effective potential at a = 0, 1 as Eqs. (14) and (15). As for the suitable electro-weak symmetry breaking, a small VEV can be obtained when
< 0. Table 2 shows a few samples of content of the bulk fields which induce the suitable symmetry breaking. The order of the compactification scale is given as
246GeV, where g 4 = O(1) is assumed, so that the suitable electro-weak symmetry breaking can be realized. 4 SU (6) model
non-SUSY case
Next we study the vacuum structure and symmetry breaking in the SU(6) model in which the Higgs doublets can be identified as the zero mode components of A 5 [9, 10] . We take
which divide A µ and A 5 as 
They suggest that P and P ′ make SU(6) broken to [16] by using the residual SU(2) × U(1) global symmetry. The effective potential for the "Higgs" field is given by [16] 
The phases are the same as that of SU (3) c ×SU(3) W model which are shown in Eq. (13) . Once the bulk fields content is determined, the phase structure is calculated. We can show to which phase the vacuum belongs. The effective potential, Eq.(26), shows that a = 0, 1 are stationary points since the 1st derivatives there always vanish. The point a = 0 (a = 1) corresponds to the unbroken phase (broken phase I). For the the suitable electro-weak symmetry breaking, the vacuum should be in the broken phase II (a = 0, 1), besides, a ≪ 1 is needed. ¶ As for the extra residual U (1) gauge symmetry, we assume it is broken by an extra elementally Higgs field in this paper.
Similar to the SU (3) c × SU (3) W model, there appear two "Higgs doublets" as the zero modes in SUSY case.
The phase structure is obtained in a similar way as in the SU(3) c × SU(3) W model. We can show it by use of the 2nd derivatives at a = 0, 1, which are given by
The phase to which the vacuum belongs is determined by the bulk fields content. When
< 0, the vacuum exists in the unbroken phase. On the other hand the case
> 0 suggests the vacuum exists in the broken phase I. In the case of
> 0, the vacuum exists in the unbroken phase or broken phase I. While, both the 2nd derivatives are negative, the vacuum exists in the broken phase II.
A small VEV can be obtained when
< ∼ 0 and
< 0. Table 3 shows a few samples of content of the bulk fields which induce the suitable electro-weak symmetry breaking. Similar to the SU(3) c × SU(3) W model, the compactification scale is given as
246GeV with g 4 = O (1) . 
SUSY case
The effective potential in the SUSY case with SS breaking is given by [16] 
There are three phases as Eq. (13) . The phase structure is obtained by the bulk field content, which is calculated by the 2nd derivatives at a = 0, 1,
as in the previous subsections. Here we use Eqs. (18) and (19) . A small VEV, a ≪ 1, in the broken phase II can be obtained when
< 0. Table 4 shows samples of bulk fields contents and the value of "Higgs" mass in each case, which can realize the suitable electro-weak symmetry breaking. Table 4 : Samples of content of the bulk fields in SUSY SU(6) model, which induce the suitable electro-weak symmetry breaking. Here, "Higgs" masses are written in the unit of g 2 4 GeV.
Summary and discussion
We have studied the possibility of the dynamical symmetry breaking in the gauge-Higgs unification in the 5D theory compactified on an orbifold, S 1 /Z 2 . This theory identifies Wilson line degrees of freedoms as "Higgs doublets". We have considered SU(3) c × SU(3) W and SU(6) models with the compactification scale of order a few TeV. The gauge symmetries are reduced to SU(3) c × SU(2) L × U(1) Y and SU(3) c × SU(2) L × U(1) Y × U(1), respectively, through the orbifolding boundary conditions. We have studied the vacuum structure by use of the one loop effective potential of "Higgs doublets". Once the bulk fields content is determined, the phase structure of the model is completely obtained. Especially, the suitable electro-weak breaking is realized through the radiative corrections when there are suitable numbers of bulk fields possessing the suitable representations. The masses of "Higgs doublets" are O(100) GeV in this case.
Finally we should give a comment on the Yukawa interactions. We have assumed that quarks and leptons are localized on the 4D wall, so that the non-local operator might have the Yukawa interactions as in Ref. [9] . Another possibility is to consider the situation where quarks and leptons exist in the bulk [10] , where the Yukawa interactions is originated in the 5D gauge interactions. The effective potential and vacuum structure will be studied in somewhere.
